Surface epithelia constitute the first line of defense against pathogens. This defense depends both on barrier function and on specific microbicidal effector molecules. For example, the mammalian skin affords physical protection partly because it is composed of tightly associated cells covered by a highly crosslinked layer of keratin and is normally impermeable to bacteria. In humans, several genetic diseases, such as mucoepithelial dysplasia or epidemolysis bullosa, which affect the cutaneous epithelial structure at different levels (23, 26) , are associated with greatly increased susceptibility to infection. But the skin displays microbicidal activity even when its physical integrity is breached. It contains an arsenal of bioactive molecules, among which antimicrobial peptides (AMPs) such as defensins and cathelicidins are of critical importance to host defense against microbial invasion (reviewed in references 27 and 28) .
While AMPs are the best-studied cutaneous defense molecules, other protection systems may also exist. In this regard, several lipids extracted from human skin, among which free fatty acids have been shown to be the most potent molecules, possess antistaphylococcal activity (12) . In addition, monounsaturated fatty acids (MUFA) are also produced by the sebaceous glands, and some MUFA are known to be microbicidal (24) . However, their contribution to antimicrobial defense has never been established in vivo, nor is their biosynthesis known to be subject to regulation by microbial stimuli. In the present report, a novel innate immunodeficiency phenotype, characterized by a reduced ability to clear an experimental skin infection with gram-positive bacteria in mice, has been traced to a mutation affecting the structure of an enzyme essential for MUFA synthesis. a charge-coupled device camera (5-min exposure of animals), and quantification was done with the IVIS program from Xenogen.
TLC. Total lipids extracted from skin biopsy specimens by chloroform-methanol were separated by silica gel thin-layer chromatography (TLC). Hexanediethyl ether-acetic acid (70:30:1) was used as the developing solvent, and lipids were visualized under a UV lamp after being sprayed with a primuline solution (5 mg in 100 ml acetone-water [80/20] ).
Semiquantitative RT-PCR. Wild-type and Tlr2 Ϫ/Ϫ mutant mice were depilated and infected by subcutaneous injection of S. aureus or E. coli (5 ϫ 10 5 PFU). After 24 h, the skin of the infected area was dissected and total RNA was extracted by the Trizol (Gibco) method. One microgram of RNA was used to synthesize oligo(dT)-primed cDNA (Retroscript; Ambion), which then served as a template in PCRs using primers specific for Scd1 (3Ј-CTCTATGGATATCG CCCCTACGACAAGAACATTC-5Ј in exon 5 and 3Ј-GAAGCTAGGAACAA GGAGGGATGTATTCAGGAGG-5Ј in exon 6, which allow for a distinction between genomic and cDNA amplification) or ␤-actin genes. Portions (4 l) of the PCR products were loaded onto agarose gels. Isolation of peritoneal macrophages and stimulation have been described elsewhere (7) . hSCD1 and hFADS2 expression in SZ95 sebocytes was measured by semiquantitative RT-PCR using the following oligonucleotides: hSCD1f (5Ј-TTCAGAAACACATG CTGATCCTCATAATTCCC-3Ј), hSCD1r (5Ј-ATTAAGCACCACAGCATAT CGCAAGAAAGTGG-3Ј), hFADS2f (5Ј-ACTTTGGCAATGGCTGGATTCC TACCCTC-3Ј), and hFADS2r (5Ј-ACATCGGGATCCTTGTGGAAGATGTT AGG-3Ј). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression was used as a control.
RESULTS
flake: a visible phenovariant with associated immunodeficiency. In an effort to identify genes required for normal immune function, we have screened a total of 20,792 F 1 and 33,202 F 3 animals with ENU-induced germ line mutations for visible and immunologic phenotypes. Among these, a recessive mutation dubbed "flake" (flk) was found to cause progressive alopecia and chronic exfoliative dermatitis. These features appeared at weaning age and were more pronounced in older animals ( Fig. 1) . Visible disruption of epidermal integrity and sporadic spontaneous skin infections requiring antibiotic therapy prompted us to examine the integrity of the innate immune function in these mice.
Persistent Streptococcus pyogenes and Staphylococcus aureus skin infections in flk/flk mutant mice. The gram-positive cocci S. pyogenes and S. aureus are the leading agents of human impetigo, cellulitis, and wound infection (5, 6) . Experimental full-thickness skin infection in the murine model can be reliably established by immediate subcutaneous injection with a fine-gauge needle (2, 14) , overcoming the requirement for traumatic injury and the poor infectivity and reproducibility associated with epicutaneous inoculation (8) .
We utilized luminescently tagged strains of Streptococcus pyogenes, Staphylococcus aureus, and Escherichia coli, each of which constitutively expressed a bacterial lux operon derived from Photorhabdus luminescens (9) . The progress of each infection was monitored by external luminometry over a period of 16 days in anesthetized mice. As shown in Fig. 2A , normal S. pyogenes produces a small, ulcerated wound, which healed almost completely by day 8 in control mice. Ulceration was still observed in flk/flk mutant mice up to 28 days after infection, albeit without detectable luminescence in vivo. Luminescent S. pyogenes bacteria were recovered by culturing the ulcers of flk/flk mutants. Hence, even 4 weeks after experimental inoculation, flk/flk mutant mice remained persistently infected with S. pyogenes.
Infection with S. aureus (Fig. 2B ) yielded results formally similar to those described above. During the initial period of observation, the bacterial burden in flk/flk mutants closely matched that in controls, but a departure in the two curves was observed on day 7 following inoculation, with gradual clearance achieved in control animals (but not in flk/flk mutants), leading to a complete recovery of the controls within 2 weeks. In contrast, luminescence remained strongly detectable in flake mice for more than 3 weeks and reached background levels later than 4 weeks after inoculation (not shown).
On the other hand, flk/flk mutants were able to clear an infection with the gram-negative bacterium Escherichia coli (Fig. 2C) . Moreover, no difference between flk/flk mutants and normal controls was observed when infections with gram-positive bacteria were introduced by other routes (for example, by intravenous inoculation of Listeria monocytogenes or by intrapulmonary challenge using S. aureus [not shown]). On the basis of all the data adduced in these studies, it appears that (i) flk/flk mutants mice are impaired in their ability to sterilize skin infections with gram-positive bacteria; (ii) the phenotype does not extend to all biological compartments and, so far as we know, is limited to the skin; (iii) the single infection with a gram-negative bacterium that was examined was not affected by the mutation; and (iv) the fact that skin lesions induced by E. coli healed normally in flk/flk mice indicates that the mutation does not affect wound healing per se but rather has a selective effect on pathogen clearance.
Mapping of the flk mutation to the stearoyl CoA desaturase 1 locus. The visible phenotype imparted by flk was utilized in mapping, and concordance between visible and immunologic phenotypes was later established by examining the progeny of intercrossed F 1 mice as well as other allelic variants of the locus (not shown). flk was initially mapped to chromosome 19 on 39 meioses by using a panel of 59 informative markers distributed throughout the mouse genome, in a backcross against C3H/HeN. The phenotype was fully penetrant on the mixed background, and the mutation was placed between markers D19Mit96 and D19Mit17 (Fig. 3A) . Fine mapping was then performed using 12 internal chromosome-19 markers, so that on 283 meioses, the mutation was restricted to a 2.6-Mbp critical region delimited by D19Mit11 and D19Mit53 (Fig. 3B) . 
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Among the 43 genes represented within this region in the Ensembl database (Fig. 3C) , we considered the stearyol coenzyme A (CoA) desaturase 1 (Scd1) gene a likely candidate, since two mutant alleles, named asebia-J and asebia-2J, have already been described for Scd1 and in both cases, mutant mice show a cutaneous phenotype described as "scaly skin" (19, 29) , similar to that observed in flk homozygotes. The six exons of Scd1 were amplified from genomic DNA isolated from both C57BL/6 control mice and flk/flk mutants. Direct sequencing of the amplicons revealed a point mutation (C to A) in exon 5, which corresponds to position 938 in the cDNA sequence (NCBI accession number BC055453) (Fig. 4A) . This ENU-induced base transversion is predicted to cause a missense mutation (T227K) within SCD1. No mutation was detected in Scd2 and Scd3 cDNAs.
The microsomal enzyme SCD1 is an iron-binding 41-kDa protein of 355 amino acids with six predicted transmembrane domains. It catalyzes ⌬9 desaturation of long-chain unsaturated fatty acids, leading to the biosynthesis of palmitoleate (C 16:1 ) and oleate (C 18:1 ) as its major products. As shown in Fig. 4B , the substitution of a neutral amino acid (T) for a charged residue (K) in the mutated protein occurs within a predicted transmembrane domain and would be expected to disrupt the structural integrity of SCD1.
To test this assumption, we performed TLC to analyze the lipid composition of skin biopsy specimens from control and flk/flk mice. The latter animals exhibit a reduction in cholesterol esters (Fig. 5A) , similar to that reported in the case of Scd1 knockout (KO) mice, which indicates that the flk phenotype is indeed caused by the observed allelic variant of Scd1.
Palmitoleate and oleate have intrinsic antibacterial activity in vitro and in vivo. The absence of C 18 and C 16 fatty acid desaturase activity in Scd1 flk/flk mutant mice prompted us to ask whether the lack of oleate and/or palmitoleate could account for the cutaneous immunodeficiency phenotype described above. Indeed, several reports have indicated that MUFA exhibit antimicrobial activity against gram-positive bacteria (12, 24) , though there is no evidence that MUFA exert a protective effect in vivo. To test our working hypothesis, we first performed a series of in vitro experiments in which we measured the effect of each lipid on the growth of S. pyogenes, S. aureus, and E. coli.
Our results confirmed that palmitoleate and oleate each have strong bacteriostatic and bactericidal activities against S. pyogenes and S. aureus. The MICs (Table 1) parable to that observed for the murine cathelicidin AMP (CRAMP). On a weight basis, the MUFA are therefore approximately 20 times as potent as cathelicidin. MUFA are also active against S. aureus, whereas CRAMP is totally inactive. On the other hand, no bacteriostatic or bactericidal activity was detected against E. coli even at millimolar MUFA concentrations (not shown), consistent with a specific effect against gram-positive bacteria.
To investigate the physiological relevance of this antimicrobial activity, we inoculated wild-type mice with S. aureus and treated the infected animals by repeated (every 2 days) subcutaneous injections of palmitoleate (100 l of a 100 M solution in dimethyl sulfoxide [DMSO]) or DMSO alone at the site of infection. The results of this experiment are shown in Fig. 6A and B. For both groups of mice (n ϭ 6 animals), luminescence is expressed as a percentage of the luminescence of the initial inoculum, determined 24 h after infection. Nine days after S. aureus inoculation, palmitoleate-treated animals exhibited a 90% reduction in luminescence, compared to vehicle-treated mice. As a consequence of improved S. aureus elimination, the diameter of the ulcerative wound (measured at day 9) in lipidtreated animals was one-fourth that observed in controls (Fig.  6C) . These data, which clearly illustrate the antibacterial capacities of MUFA in vitro and in vivo, also reveal that this lipid-based defense mechanism is not maximally efficacious in normal mice.
Under similar conditions of palmitoleate administration, flake mutants exhibited a marked reduction in bacterial growth between days 1 and 4 (also observed in wild-type mice), but S. aureus remained detectable 2 weeks after inoculation (not shown). As shown in Fig. 6D and E, a higher dose of palmitoleate (100 l of a 75 mM solution) moderately improved bacterial clearance in flk/flk mutants and the subsequent ulcer healing (Fig. 6F) . However, complete rescue of the phenotype was not achieved by this pharmacological approach (see Discussion).
Transcriptional activation of Scd1 occurs during gram-positive bacterial infection and is TLR2 dependent. The unsuspected in vivo antimicrobial function of MUFA prompted us to ask whether their synthesis is increased during the immune 
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response, as is the case for other effector molecules such as CRAMP. We analyzed a 5-kb fragment of the Scd1 promoter and noted the presence of several NF-B binding sites (Fig.  7A) . We then performed semiquantitative RT-PCR experiments on skin biopsy specimens from normal or infected mice. Figure 7B shows that Scd1 mRNA accumulation is strongly induced in the skin of control (C57BL/6) mice upon S. aureus infection, whereas E. coli inoculation produces no effect. Furthermore, in mice carrying a targeted disruption of the Tlr2 gene (Tlr2 Ϫ/Ϫ ), the Scd1 gene is unresponsive to inoculation of gram-positive bacteria. However, Scd1 transcriptional induction might also be caused by an indirect mechanism, given the 24-h delay between infection and RNA isolation.
Macrophages, which represent an ideal system in which to study TLR signaling, also express the Scd1 gene, as reported recently (22) . To determine whether isolated macrophages are capable of up-regulating Scd1 and to determine the kinetics of the response, we stimulated peritoneal macrophages isolated from wild-type mice with synthetic MALP-2 (EMC microcollections GmbH, Tübingen, Germany), a known TLR2 agonist (21) . We surveyed Scd1 expression by RT-PCR on RNA samples isolated 2, 4, 8, and 18 h after stimulation. As seen in Fig.  7C and D, Scd1 expression was augmented 2 h after MALP induction and reached a fourfold increase within 18 h. This transcriptional induction of Scd1 was correlated with increased lipid synthesis in the skin of infected animals (Fig. 5B) .
As previously noted, Scd1 is expressed principally in sebaceous glands, and flake mice, as well as asebia and Scd1 KO mice, exhibit atrophy of these structures (not shown). To corroborate the potential relevance of inducible Scd1 expression in human skin defense against gram-positive pathogens, we investigated the effect of MALP-2 on the immortalized human sebocyte cell line SZ95 (30) . First, we noted that treatment with MALP-2, but not with LPS, induced a rapid and potent inflammatory response, manifested by increased IL-6 and IL-8 production (Fig. 8A and B) . Next, we observed that SCD1 transcription is also up-regulated in this human cell line 4 h after MALP-2 stimulation (Fig. 8C and D) . We extended these observations by monitoring the expression of the fatty acid desaturase 2 (FADS2) gene. FADS2 encodes a protein with enzymatic properties similar to those of SCD1 and was recently shown to be deficient in a patient affected by a severe skin condition (25) manifested by cheilosis, a hyperkeratotic rash over the arms and legs, and perineal dermatitis. In human cultured sebocytes, FADS2 is slightly but specifically induced 18 h after MALP-2 stimulation.
DISCUSSION
SCD1 is an enzyme responsible for the biosynthesis of MUFA, mainly palmitoleate (C 16:1 ) and oleate (C 18:1 ) (15). It catalyzes ⌬9 cis-desaturation of the carbon chain and uses palmitoyl-CoA and stearoyl-CoA as substrates. The functions of this enzyme in lipid metabolism have been intensely studied (16) . Scd1 Ϫ/Ϫ mice are significantly leaner than wild-type animals and are resistant to diet-induced adiposity, an effect mediated by increased expression of genes involved in fatty acid oxidation. Furthermore, compound homozygotes for hypomorphic mutations of the obese (ob) and Scd1 genes exhibit a striking attenuation of the obese phenotype (17) . The observation that Scd1 is overexpressed in ob mutants indicates that at least part of the leptin's metabolic actions result from the inhibition of Scd1 (3). Two spontaneous mutant alleles of Scd1 have been described and named asebia-J (ab-J) and ab-2J (19, 29) . Despite minor phenotypic differences, homozygosity for each of these alleles is associated with atrophic sebaceous glands, alopecia, and scaly skin, phenotypes which are also observed in mice carrying a targeted disruption of the gene (13) .
In the present study, we have described flake, a visible recessive phenovariant with a highly selective innate immunodeficiency phenotype, in which there is failure to eliminate grampositive (but not gram-negative) organisms from the skin. Using a phenotype-driven approach, we tracked the flk mutation to a missense error (T227K) that falls within the fourth of six transmembrane domains of the SCD1 protein. The replacement of a neutral by a charged residue in such a region might alternatively modify the conformation of the desaturase, which normally resides within microsomal membranes, or affect coordination of the iron atom that is necessary for enzymatic activity. Whatever the mechanism, we have demonstrated a reduction in the level of cholesterol esters (the biosynthesis of which requires MUFA) in lipid isolates from the skin of flake mutant mice, confirming that the new allele is hypofunctional.
Here we have implicated SCD1 and the products of its catalytic activity in epithelial innate immunity against grampositive bacteria. It has been shown previously that feeding Scd1-deficient mice a MUFA-enriched diet does not alleviate the mutant phenotype, which indicates that de novo synthesis of MUFA is required for normal appearance and function of the skin. Therefore, to extend our in vitro observations, we monitored the effect of intradermal administration of palmitoleate to S. aureus-infected mice. These in vivo experiments showed that repeated subcutaneous injections of palmitoleate reduced bacterial proliferation and significantly improved the recovery of infected mice, as evidenced by reduction of the ulcerative wound. However, this beneficial effect of palmitoleic acid was less pronounced in flake mutants, despite repeated injections of higher doses of palmitoleate. The complex lipidic composition of the sebum, whose overall production is reduced in flake mutant animals, might account for this observation. It is, therefore, conceivable that antibacterial lipids (12) other than MUFA may be required for efficient clearance of the infection. Alternatively, the overactivated lipid catabolism observed in Scd1 mutants might lead to a shorter half-life of the injected lipids and could explain this discrepancy. Nevertheless, we noted that humans treated for acne problems with retinoids (which induce atrophy of the sebaceous glands) can suffer recurrent S. aureus skin infections as a side effect (10) . Infections of the eye with gram-positive bacteria have also been noted in such patients (4) . Indeed, we have also observed eye infections in flake mutants (Fig. 1C) , as noted previously for Scd1 KO mice (13) . Our data from flk/flk mice emphasize the essential role of sebaceous glands, as well as other lipidproducing organs, including perhaps the specialized meibomian glands of the eyelids, in local innate immune responses.
The mechanism by which MUFA selectively kill gram-positive bacteria remains to be determined. The length of the carbon chain and/or the level of unsaturation might be important determinants of efficacy. In addition, synergy between lipids and AMP might also be examined. flake/CRAMP doubleknockout mice will prove to be useful tools with which to study this issue. Our experiments do not exclude the possibility that, in addition to their antimicrobial activity, palmitoleate and oleate might promote resistance indirectly. Modulation of signal transduction through protein modification might be one such mechanism. As reported elsewhere (11), mass spectrometry identified palmitoleate among other posttranslational modifications of the src homology domain 3 kinase Fyn, which might affect immune cell activation, as recently shown for insulin signaling in muscle cells (18) .
SCD1 transcription is strongly up-regulated in mouse and human cells in a TLR2-dependent manner. Human patients with rare skin disorders such as the syndrome of ichthyosis follicularis with atrichia and photophobia (IFAP syndrome; OMIM 308205) possess atrophic sebaceous glands and coincidently suffer alopecia and recurrent skin infections reminiscent of the Flake phenotype (reviewed in reference 1). With new recognition that TLR2 and -6 are expressed in human sebocytes (C. C. Zouboulis et al., unpublished data), our results point to a prominent and unsuspected role of the sebaceous gland in the innate immune defense of the skin. Altogether, our data demonstrate the existence of an inducible lipid-based microbicidal effector pathway in the skin and establish a clear functional link between lipid metabolism and innate immunity.
